INTRODUCTION
Today, pulsed power systems (PPS) and pulsed electric field (PEF) have found wide applications. These systems are used in medical applications [1] [2] , water and air cleaning [3] [4] , food treatment, synthesis of metal nanoparticles [5] , etc. One of the most important components of PPS is pulsed power generator(PPG). Various generators are used in PPS. However, generators that use power semiconductor switches, due to compactness, high pulse repetition rate, high reliability, high flexibility and long-life are under special attention [6] [7] [8] .
Various topologies of solid state converters used in pulsed power applications such as the flyback, forward, push-pull, half-bridge, and full-bridge converters [9] [10] [11] [12] [13] [14] . Capacitor diode voltage multiplier (CDVM), Marx topology, Blumlein generator, and pulse network forming topology are also other topologies that used in solid sate pulsed power generators [15] [16] [17] [18] .
Among these topologies, the Marx generator is the most common and reliable topology for pulsed power applications [19] . Functioning of conventional Marx generator is based on charging capacitors in parallel and discharging them in series into the load. Figure 1 shows the basic topology of Marx generator circuit. During charging mode, capacitors are charged in parallel. Then the switchesS1,S2,…,Snareclosedandthecapacitorsaredischarged in series into the load. The output voltage is obtained from the following equation: 12 ... 
The solid state Marx modulators is a new class of modulators for the generation of high voltage pulses [16] . Figure 2 shows an nstage solid state Marx generator. When switches S c1 , S c2 ,…,S cn are closed and S d1 , S d2 ,…,S dn are opened, the capacitors C 1 , C 2 ,…,C n are charged from power supply by the opening of S c1 , S c2 ,…,S cn and the closing of S d1 , S d2 ,…,S dn , these capacitors are discharged in series into the load.
Marx generators make the base for a wide area of research on the use of semiconductor switches. Reference [16] employed a main Marx unit and a corrector Marx unit in its topology to have a relatively flat pulse. In [19] , the authors proposed that the capacitors in Marx topology are charged sequentially from a relatively low voltage supply. The generator in [20] is a simple semi-conductor Marx generator with four stages and the switches employed in all these four stages are MOSFETs. To increase the blocking voltage capability of each stage in Marx generator a series connection of the devices can be used. The voltage distribution must be controlled either actively or by passive elements [21] . The base of topology used in [22] is also a completely solid-state Marx type circuit using a fullbridge (FB) switch-capacitor cells (SCCs) series connection.
On the other hand, charging the capacitors to a relatively high voltage is one of the challenges in pulsed power systems such as Marx generators. Any pulsed power applications require a capacitor charging system which can charge capacitors fast to the target voltage. The production of these chargers with compact size, high power density, high efficiency and safety performance has become an urgent need [23] [24] [25] .
Capacitor diode voltage multipliers (CDVM) due to high efficiency, low voltage stress on diodes and capacitors, being compact with small size, simple, and low-cost are the best option for high voltage applications [8, [26] [27] [28] . The base of performance for these inverters is charging the capacitors by low input voltage in a specific time interval and discharging the stored energy to the load in a short time. Two basic CDVM topologies are usually used, where the output voltage comes from a series of capacitors or only from a single capacitor. Figure 3 shows samples of these topologies.
Many articles have been published about CDVM topology in none pulsed power applications [29] [30] [31] [32] . There are also a number of papers on the use of CDVM circuit in pulsed power applications. Reference [8] has used the CDVM circuit fed by the AC grid and its output voltage comes from a single capacitor. A combination of a boost DC-DC converter with CDVM is also proposed that fed by AC low voltage and low frequency for water treatment application [27] . Reference [33] designed an LC resonant circuit supplied by an Hbridge inverter. A simple one-stage Cockcroft-Walton CDVM circuit is also connected in cascade to the capacitor in the LC circuit in order to escalate the amplitude of voltage oscillation and to rectify the oscillating voltage to a dc voltage. In [34] the H-bridge inverter is used along with CDVM. The aim of this research is to improve rise time and decay response time.
In all of these aforementioned CDVM topologies, the voltage increase is achieved by increasing the number of stages. In these converters,accordingly,semiconductorandcapacitor'svoltagesareincreasedstagebystage.Thisisconsideredasthemaindrawback of these topologies that creates limitations for increasing the output voltage. In [15] the authors have proposed a new topology of CDVM by adding semiconductor switches in CDVM circuit. In this topology that fed by AC grid, in discharging mode, a number of capacitors in CDVM circuit are connected in series. [35] is another research in which a new topology is proposed by combination of CDVMwithresonantcircuit.InthistopologyalsothenumberofCDVM'scapacitorsareconnectedinseriesduringdischargingmode. Although higher voltages are obtained in these structures, but there are still restrictions on the number of stages. These structures are not completely modular, as well. This paper proposed a novel topology that is included the advantages of Marx and CDVM topologies. The proposed generator has a modularstructurethatcanbefedbyalowDCorACinputvoltage.Inputvoltageismultiplied withCDVM'smodulesandcharge output capacitors to a relatively high voltage. Then, the output capacitors are connected in series to be discharged into the load. After introducing structure of proposed generator, the performance of it with two modules of one stage multipliers are described. Finally, experimental validation has been used to confirm the viability of the proposed approach.
This paper is an extension to the work presented in [39] , where, some switches have been removed from the topology to improve it. In this paper the design process and an analysis of switching losses are described. Removing a number of switches will have the following benefits.
 By removing each switch, the losses on that switch are also eliminated and the generator efficiency increases.  Reducing switches simplifies topology as much as possible.  In modified topology that has fewer switches, less solid state driver circuit will be required and the control system will be simpler.  The final cost of modified generator will be reduced.
COMBINATION OF MARX AND CDVM

PRINCIPLE OF THE PROPOSED TOPOLOGY
The Figure 4 shows the schematic of proposed generator that is a combination of Marx generator and CDVM. As the Figure 
The output voltage is determined by the following factors: figure 4 , m is the number of voltage multipliers or the number of Marx generator stages and n is the number of stages of voltage multipliers. The rating of Marx generator (the voltage of output capacitor of each voltage multiplier) depends on the n and the voltage of input power source and restricted by rating of output capacitors and discharging switches. The output frequency can be controlled by controlling the full-bridge converter and the switching of charging and pulsing switches. It is obvious that AC-DC and full-bridge converters can be removed and low voltage low frequency supply directly connects to the voltage multipliers. In this case, however, the output voltage will become uncontrollable and high output frequency could not be achieved.
FUNCTIONAL MODES
To introduce the principle operation of the circuit, a simple circuit of proposed topology with two modules of one-stage voltage multipliers is studied. In this circuit, the full bridge converter connects to an inductor before the voltage multiplier modules. It makes resonant circuit with the voltage multiplier capacitors and then the full bridge converter can operate in a zero current switching (ZCS) mode. The resonant circuit used in this structure, can reduce the stress on switching element and increase the output voltage [36] . It has three switching modes as shown in Figure 5 -7. These modes are described in details as follows. V dc in these figures is the output voltage of AC-DC converter. The results of circuit of these figures can be extended to more modules and stages.
1) The first switching mode As shown in Figure 5 , S m1 and S m2 are on and D 12 and D 22 conduct. In this mode, the inductor L and capacitors C 11 , C 12 , C 21 , and C 22 make the resonant circuit. For simplicity, the capacity of capacitors is considered to be equal. The resonant frequency can be obtained from the following equation :   12 11  22 21  1  11  12  21  22 ; 
In the above equation, ω r1 is the resonant frequency (rad/s) in the first switching mode. Assuming initial zero conditions;
It is clear that at time t=π LC , voltage on all capacitors will be equal to V dc and inductor current will be zero.
2)The second switching mode Status of power switches and diodes in this mode are shown in Figure 6 . D 12 
Where f r2 is the resonant frequency in the second switching mode. In this mode the voltages of C 12 and C 22 do not change but after π 2LC seconds, the other capacitor voltages reaches to its maximum value (3V dc ) . After this switching mode, the first switching mode must be repeated again. Due to new initial values it can be written for this state: 
As shown in the figure 1, resistors are used in the conventional Marx generator to provide for charging the capacitors in parallel. The resistance value must be high to prevent an objectionable loss of energy during the erected or discharge mode. The high value of resistance dictates a long charging period [37] . But Tc,min is the time taken to charge the Marx of the proposed model. Then it is quite obvious that the charging time in this model is less than conventional Marx.
3) The third switching mode (discharging mode) For pulsing, S m1 and S m2 turned off and S h1 turned opened. As shown in Figure 7 , the output voltage can be obtained from the following equation, 12 22
Where V C12 and V C22 are the output voltage of multipliers and V load is the load voltage. For the n-stage voltage multiplier the output voltage of each multiplier after the last switching step reach to 4nV dc and then for m modules of n-stage voltage multiplier the maximum output voltage can be written as following equation:
DESIGN CONSIDERATIONS
The proposed generator produce exponential pulses in resistance load. If all the energy stored in the output capacitors is discharged, the energy of the output pulse is obtained from the following equation :   22  12 22  12  22  12 22
Where E pulse is the energy in Joules. In practice and for system design the capacitance of circuit is obtained form (12) Where the T load is the pulse duration time and T delay is delay time requirements both in seconds. Tc,min is obtained form (13) with the desired pulsed repetition rate and the pulse duration, then the value of inductance L is obtained from (9) .
The power losses on the solid state switches and diodes are an issue that should be considered in the design too. Total power loss of each solid state element is the sum of turn-on and turn-off losses (switching losses), conduction losses, and off-state losses. Neglecting the losses in the off-state, the total power loss is given by:
Where Ps is the switching loss and Pc is the conduction loss. During the full bridge switches, the switching loss is negligible because the turn-on and turn-off commutation occurs with ZCS. Then for these switches the power loss can be obtain from 5 following equation:
Where f is the pulsed power generator frequency, I 1L (t) is the maximum inductor current in the first mode, Vsat,b is the saturation voltage of full bridge switches, I 2L (t) is the maximum inductor current in the second mode and I 3L (t) is the maximum inductor current in the first mode for the second time. Since the two switches are turn-on in each mode, the expression is multiplied by 2. In a similar way for the losses on the CDVM diodes, Sm1and Sm2 can be written:
In the above equation, P ld and P lm are the total power losses on the CDVM diodes and total power losses on the S m1 and S m2 respectively. V on,d is the on-state voltage of diodes and V sat,m is the saturation voltage in the on-state of S m1 and S m2 .
During the Marx switch (S h1 ) having a resistance load, the power losses are given by:
sh s P fE
Where E s is the switching energy loss provided by the manufactory and V sat,h is the saturation voltage in the on-state of S h1 .
SIMULATION AND EXPERIMNETAL RESULTS
To evaluate the performance of the proposed topology, the values in Table 1 were used for simulation in MATLAB/SIMULINK. Simulation results for the inductor current, the capacitor voltage, and the output voltage are shown in Figure 8 . It is clear from inductor current that the switching is done in zero current. At the end of any cycle, the voltage of output capacitor of each voltage multiplier reaches to 4V dc and the output voltage that is the sum of output capacitors voltages at the start of pulsing is equal to 8V dc .
By reducing the duration of the first and second switching mode, different output voltages can be achieved. However, the maximum output voltage by this circuit is 8V dc .
A prototype setup is implemented to investigate the concept of this circuit practically. The prototype is composed of a full-bridge converter, an inductor, two one-stage voltage multipliers and semiconductor switches as shown in Figure 5 , a resistive load, MOSFET and IGBT drivers, isolated DC-DC converters for drivers, a DC power supply, and a microcontroller board. The microcontroller controls the full-bridge converter so that switching is done in zero current. Low rating MOSFETs are used as power switches in the fullbridge converter and conventional IGBTs such as IXGH40N60 are used in its structure. The component specifications are addressed in Table 1 . In the prototype a simple plasma load model has been used. This model is a resistance in the range of a few ohms that represents the load resistivity in the period of the plasma reaction [38] .
The experimental test is conducted in the low-voltage range because of the voltage restrictions of the input DC power supply and the Measurement instruments. The input voltage is adjusted to 28 V. The results of inductor current and capacitor voltage are shown in Figure 9 and the output voltage is shown in Figure 10 . V C12 and V C22 reach 104v and the output pulse frequency is 4.17 kHz. As these measurement results show, the capacitor voltage is almost four times the input voltage and the summation of voltages across C 12 and C 22 are appeared across the load. The output voltage is almost eight times the input voltage. There is a difference of almost 8.5% between this measured voltage and the expected voltage in ideal case (8Vdc) which is due to non-ideal characteristics of elements such as forward voltage of diodes, saturation voltage of switches and resistance of elements.
This simplified model can be extended to have more stages and more modules, and the generated voltage can be increased. When designing a higher voltage generator the Marx switches (S h1 , S h2 , S h3 , ….) increase and then it is important that these switches act simultaneously. It is possible to use diodes in each Marx stage that can bypass the switch and capacitor of each stage (figure 11). In this way if a switch cannot turn on in time, its diode provides a freewheeling path so that the switch does not damage in deal with high voltages. It is necessary to use of isolated or optocoupler driver and isolated power supply for control and driver circuits to avoid damage to these circuits in deal with high voltages.
CONCLUSION
In this paper, a new pulsed power generator based on the combination of Marx topology and capacitor Diode voltage multiplier topology has been proposed for wide pulsed power applications. This topology is completely modular and very 6 flexible. The maximum output voltage of this combination is dependent on the number of multiplier, the number of module, and input voltage while the output voltage can be changed easily. The maximum of this voltage can be easily increased by adding modules. Conventional solid state switches and capacitors can be used in the proposed topology while high voltage and high frequency pulses are accessible. Simulations and experimental tests have been performed, and the obtained results verify the proper performance and operation of the proposed generator. 
